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The putative, 39-terminal stem-loop structure in satellite tobacco necrosis virus strain C (STNV-C) RNA constitutes an
essential cis-acting structure for the promotion of negative-strand RNA synthesis and a single-stranded tail is also important.
The putative, 59-terminal stem-loop structure in STNV-C RNA is not essential for productive, plus-strand RNA accumulation
but is required for optimal accumulation. Residues 2 and 3 are the minimal cis-acting sequences required for RNA synthesis.
The RNA of chimeric mutants, which exchanged 39- and 59-untranslated regions between STNV-C and helper tobacco
necrosis virus strain D RNAs, accumulated in protoplasts, implying similar replication mechanisms for both RNAs. © 1999
Academic Press
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1INTRODUCTION
Satellite viruses are small icosahedral RNA plant vi-
uses that are completely dependent on the presence of
specific helper virus to establish infection. By encoding
heir own coat protein (CP), satellite viruses differ from
atellite RNAs, which are encapsidated by helper virus
P (Scholthof et al., 1999). Satellite tobacco necrosis
irus strain C (STNV-C) is a Carmo-like Necrovirus in the
ombusviridae family, which has a monopartite, positive-
trand RNA genome of 1221 nucleotides (nt) (Bringloe et
l., 1998) and is helped in its replication by tobacco
ecrosis virus strain D (TNV-D) (Coutts et al., 1991).
TNV-C RNA encodes a 22-kDa CP from a 606 nt open
eading frame (ORF) that is preceded by a 59-untrans-
ated region (UTR) of 101 nt and followed by a 514-nt
9-UTR (Bringloe et al., 1998). Computer prediction of the
econdary structure of the STNV-C RNA 39- and 59-UTRs
uggest several stem-loop structures and pseudoknots
hat might contain essential cis-elements involved in
emplate activity for respectively negative- and positive-
trand RNA synthesis by TNV-D RNA-dependent RNA
olymerase (RdRp) (Bringloe et al., 1998). Using sub-
lones of STNV-C and helper TNV-D cDNAs for the tran-
cription of biologically active RNA, we demonstrated
hat replication of the helper virus was essential for the
ccumulation of STNV-C RNA in vivo (Bringloe et al.,
998).
Little is known about cis-elements needed for STNV-C
NA synthesis apart from a preliminary mutational anal-
1 To whom reprints should be addressed. Fax: 44-171-584-2056.
m-mail: r.coutts@ic.ac.uk.
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76sis, which showed that deletions in either the 39- or
9-UTRs in most cases abolished accumulation (Bringloe
t al., 1998). These results suggested that as with other
armo-like viruses, a defined 39-terminal stem-loop
tructure and a single-stranded tail are important for the
nitiation of negative-strand synthesis (Buck, 1996; Song
nd Simon, 1995). Although similar to the satellite RNAs
ssociated with a number of other viruses from the
armo-like virus supergroup, including tomato bushy
tunt virus (TBSV) (Chang et al., 1995), cymbidium ring-
pot virus (CymRSV) (Havelda et al., 1995), and turnip
rinkle virus (TCV) (Guan et al., 1997), a 59-terminal se-
uence of 50–150 nt appears essential for the productive
ccumulation of RNA (Buck, 1996). Here we report the
esults of a mutational analysis of cis-acting sequences
n the 39- and 59-UTRs of STNV-C RNA and identify
egions important for accumulation.
RESULTS
single-stranded tail, a 39-terminal stem-loop, and
wo further upstream stem-loops are all required
or accumulation of STNV-C RNA
A complete list of all the STNV-C RNA mutants inves-
igated in this study and the oligonucleotide primers
sed in their synthesis is shown in Table 1.
To investigate whether the 39-terminal single-stranded
ail, the sequence near the 39-terminus, which can be
olded into a stem-loop (nt 1192–1213: H11) (Bringloe et
l., 1998), and two sequences further upstream, which
an also be folded into stem-loops (nt 1138–1166; H9; nt
175–1190: H10), are important for replication, a series of
utants with these sequences deleted were produced.
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77STNV-C RNA SYNTHESISull details of these deletion mutants are shown in Fig.
A (STNVC39-1–6), and the predicted secondary struc-
ure of the 3-terminal 100 nt of wild-type (WT) STNV-C
NA, including the H9, H10, and H11 stem-loops, is
hown in Fig. 1B. Nicotiana benthamiana protoplasts
ere coinoculated in turn with helper TNV-D and each
utant or WT STNV-C and analyzed by Northern blotting
t 24 h postinoculation. A series were made of 39-termi-
al deletions that removed the 39-terminal 2CCC resi-
ues (STNVC39-1), 6 nt, which removed the single-
T
List of STNV-C RNA Mutants and Oligo
Mutant Mutationa
TNVC39-1 D1218–1221
TNVC39-2 D1215–1221
TNVC39-3 D1191–1221
TNVC39-4 D1174–1221
TNVC39-5 D1135–1166
TNVC39-6 D1174–1193
TNVC39-7 Stem disruption (A1I97G)
TNVC39-8 Stem compensation (A1197U, U1208A)
TNVC39-9 Stem compensation (A1197C, U1208G)
TNVC39-10 Stem disruption (G1I95A)
TNVC39-11 Stem compensation (G1195C, C1210G)
TNVC39-12 Stem compensation (G1195U, C1210A)
TNVC39-13 Loop disruption (AA1201CC)
TNVC59-1 Stem mutation (G1A)
TNVC59-2 Stem disruption (U3G)
TNVC59-3 Stem mutation (G11A)
TNVC59-4 Stem disruption (A13U)
TNVC59-5 Stem disruption (A14U)
TNVC59-6 D1
TNVC59-7 D1–2
TNVC59-8 D1–4
TNVC59-9 Loop disruption (D15)
TNVC59-10 Loop disruption (D15–16)
TNVC59-11 Loop disruption by nt insertion (14AG15 3
TNVC59-12 D4–101
TNVC59-13 D13–101
TNVC59-14 D27–101
TNVC59-15 D31–101
TNVC59-16 D43–101
TNVC59-17 D66–101
a D incidates nucleotides deleted. See Figs. 1 and 2 for further deta
b All oligonucleotides were synthesised by Cruachem (Glasgow, UK
omplementary strand of STNV-C cDNA. To produce the PCR products
underlined), the T7 promoter sequence (bold), and nt 1–6 of STNV-C
TNVC39-5 and -6 PCR products, the first primers shown hybridize
omplementary strand of STNV-C cDNA. Primers used to produce S
TNVC59-12–17 hybridize to the complementary strand of STNV-C cDN
ase in bold and underlined is an insertion. To produce the STNVC59-1–
equence of the 39-terminus of STNV-C RNA (nt 1197–1221, underlined
ites (59-CCCGGTACCAAGCTTCTCGAGGGGTAGTTCATGAACTTTCTTA
as equivalent to the sequence at the start of the STNV-C CP gene
AAAAG-39). Bases in bold in the table are point mutation sites within
1998).tranded tail (STNVC39-2), 30 nt, which removed the p9-terminal stem-loop, H11 (STNVC39-3), and 47 nt, which
emoved the two adjacent hairpins, H10 and H11 (ST-
VC39-4). Compared with WT STNV-C, the accumulation
f all except STNVC39-1 (positive-strand) was abolished
Fig. 2A, compare lane 2 with lanes 3–6). In two further
utations, internal deletions, which removed stem-loops
9 and H10 (STNVC39-5 and -6), respectively, abolished
NA accumulation compared with WT STNV-C (Fig. 2A,
ompare lane 2 with lanes 7 and 8). Efforts to determine
hether the negative-strand was produced in proto-
tide Primers Used in Their Synthesis
Oligonucleotide sequence (59-39)b
TAGTTCATGAACTTTC
TTCATGAACTTTCTT
GTCCTTAGTGCTTAG
AGGTGTAGTACTCCC
ACTACACCTTCCTAAGCA
CCCAGAATTCTTCCACAC
AAGCACTAAGGACTA
AGGTGTAGTACTCCC
GGGTAGTTCATGAACTTTCTTATGCTCATAG
GGGTAGTTCATGATCTTTCTTATGATCATAG
GGGTAGTTCATGACCTTTCTTATGGTCATAG
GGGTAGTTCATGAACTTTCTTATGTTTATAG
GGGTAGTTCATCAACTTTCTTATGTTGATAG
GGGTAGTTCATTAACTTTCTTATGTTAATAG
GGGTAGTTCATGAACTTTCGGATGT
TTAATACGACTCACTATAGAATA
TTTAATACGACTCACTATAGGAGA
TTTAATACGACTCACTATAGGATACCATGTATAA
TTTAATACGACTCACTATAGGATACCATGTGTTAG
TTTAATACGACTCACTATAGGATACCATGTGTATG
TAATACGACTCACTATAGATACCATGTG
TAATACGACTCACTATAGTACCATGTGT
TAATACGACTCACTATAGCCATGTGTAAGT
TAATACGACTCACTATAGGATACCATGTGTAATGA
TAATACGACTCACTATAGGATACCATGTGTAAGAG
16) TAATACGACTCACTATAGGATACCATGTGTAATGT
ATCCTATAGTGAGTCGTA
ACACATGGTATCCTATAG
TGTATAACTCACTTACAC
ACCATGACCTACTTTGTA
AATACCATGACCTACTTT
AGGGTGATGCGTCCACCA
utations.
rs used to produce STNVC39-1–4 and STNVC39-7–13 hybridize to the
e mutants, the second primer used includes a Hind111 restriction site
9-CCCAAGCTTTAATACGACTCACTATAGGATACC-39). To produce the
NV-C cDNA, whereas the second primers shown hybridize to the
9-1–11 hybridize to STNV-C cDNA, whereas those used to produce
T7 promoter sequence is underlined throughout. In STNVC59-11, the
products, the second primer used (STNVC3) is complementary to the
ncludes Xho1 (bold), Hind111 (underlined), and Kpn1 (bold) restriction
To produce the STNVC59-12–17 PCR products, the second primer used
ng the ATG (bold) initiation codon (nt 102–119) (59-ATGACTAAACGT-
ers. All STNV-C RNA sequence information is given in Bringloe et al.ABLE 1
nucleo
14AUG
ils of m
). Prime
for thes
RNA (5
to ST
TNVC5
A. The
11 PCR
) and i
TG-39).
includi
the primlasts after WT STNV-C inoculation were made by North-
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79STNV-C RNA SYNTHESISrn blotting, but this proved to be too insensitive. There-
ore negative-strand production in WT STNV-C and mu-
ants was monitored by use of a RT-PCR assay, which
mplified a specific fragment of the STNV-C RNA nega-
ive-strand. Only extracts from WT STNV-C- and
TNVC39-1-inoculated protoplasts gave positive results
n this assay (results not shown). To characterize the
9-termini of accumulating STNV-C RNA in greater detail,
rogeny RNA was examined. Total RNA isolated from
FIG. 1. Primary structure of the STNV-C RNA 39-UTR, predicted seco
tructure of the 59-terminal stem loop, the primary sequence of the 59-U
elow the sequence show the nucleotides deleted in the mutants indica
bove the lines. (B) Schematic representation of replacement mutants sh
NA, which folds into three stem-loop structures (H9, H10, and H11). D
tem (STNVC39-10–12) and the loop (STNVC39-13) of the 39-terminal st
nsertion mutants shows the predicted secondary structure of the 59-te
isruptive mutations in the lower stem (STNVC59-1 and -2), upper stem
elow the sequence show the nucleotides deleted in the mutants indic
he initiation AUG codon for the STNV-C CP gene is shown in bold an
NAs, represented by 111, “WT” accumulation level, 11, 1, and 2, n
FIG. 2. Accumulation of positive-strand STNV-C RNA in N. bentham
ranscripts. Total RNA extracted immediately after inoculation (0 h) a
ransferred to a membrane, and probed with 32P-labeled RNA transcrip
NA. (A) Deletions in the 39-UTR and mutations in the 39-terminal stem-l
–15, STNVC39-1–13, respectively, 24 h. (B) Mutations and deletion
espectively, 24 h; lane 12, WT STNVC, 24 h; lane 13, WT STNVC, 0 h. (C
espectively, 24 h; lane 7, WT STNVC, 0 h; lane 8, WT STNVC, 24 h. (D) C
egions of TNV-D RNA. Lane 1, SREP39-T, 24 h; lane 2, SREP59-T, 24 h; lassessed by visual inspection of the Northern blots illustrated in Fig. 2. All Srotoplasts inoculated with TNV-D and STNVC39-1 was
everse-transcribed. After ligation of an anchor oligonu-
leotide to the cDNA and subsequent PCR amplification,
ragments corresponding to the 39-termini of STNV-C
NA were sequenced directly. Transfection of proto-
lasts with TNV-D and STNVC39-1, which lacked the
9-terminal 2CCC residues of STNV-C RNA, gave rise to
rogeny RNA in which the original residues were re-
tored in most cases (50%; 6 of 12) or were replaced by
tructure of the three, 39-terminal stem-loops, the predicted secondary
features of the mutants constructed. (A) 83 nt of the 39-UTR. The lines
NVC39-1–6) with deleted (D) stem-loop structures, detailed in B shown
e predicted secondary structure of the 39-terminal 100 nt of WT STNV-C
e and compensatory mutants in the upper stem (STNVC39-7–9), lower
p (H11) are shown. (C) Schematic representation of replacement and
44 nt of WT STNV-C RNA, which folds into a stem-loop structure (H1).
C59-3–5), and the loop (STNVC59-11) are shown. (D) 59-UTR. The lines
NVC59-6–10 and -12–17). The sequence of nt 72–101 is not shown but
rlined. The approximate levels of accumulation of the mutant STNV-C
ctable accumulation, are shown next to the mutant notations and were
rotoplasts inoculated with TNVD and WT STNVC or mutant STNVC
h after inoculation was separated by agarose gel electrophoresis,
ific for the STNV-C RNA positive-strand. Each lane contained 5 mg of
ucture, H11. Lane 1, WT STNVC, 0 h; lane 2, WT STNVC, 24 h; and lanes
e 59-stem-loop structure, H1. Lanes 1–11 indicates STNVC59-1–11,
essive 39-deletions in the 59-UTR. Lanes 1–6 indicates STNVC59-12–17,
replacement mutations of the 59- and 39-UTRs with the corresponding
REP59-39-T, 24 h; lane 4, WT STNVC, 0 h; and lane 5, WT STNVC, 24 h.ndary s
TR, and
ted (ST
ows th
isruptiv
em-loo
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(STNV
ated (ST
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ne 3, STNV-C RNA sequence information is given in Bringloe et al. (1998).
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80 BRINGLOE, PLEIJ, AND COUTTShree other nucleotides (either 2CCC or 2CAA). These
esults demonstrate that the three, 39-terminal C resi-
ues do not appear to be essential for RNA accumulation
nd can be deleted but that all other upstream deletions
re lethal.
mportance of the 39-terminal stem-loop for STNV-C
NA accumulation
To investigate whether RNA secondary structure or
equence in the STNV-C RNA 39-terminal stem-loop
H11) is necessary for replication, a number of mutations
ere introduced into the stem and loop of the stem-loop
tructure. The mutations were designed to increase the
robability of destabilization of the AU base pair in the
pper part of the stem (STNCV39-7) or the lower GC base
air (STNVC39-10) by creating non-Watson-Crick base
airing. In addition, compensatory mutations within the
pper and lower parts of the stem were generated such
hat base pairs forming the stem were altered without
ignificantly affecting thermodynamic stability, which
as confirmed by refolding the RNA (results not shown).
hese compensatory mutations, which restore base pair-
ng in the stem but with a sequence different than that in
T STNV-C RNA, involved inverted base pairing within
he upper (STNVC39-8) or lower region (STNVC39-11) of
he stem or paired substitutions within the upper (ST-
VC39-9) or lower region (STNVC39-12) of the stem. Full
etails of these mutants are shown schematically in Fig.
B. The energetic status of the various mutants of stem-
oop 11 was calculated as described previously for the
ast 86 nt of WT STNV-C RNA sequence (Gultyaev et al.,
995) including stem-loops H9, H10, and H11, and is
hown in Table 2. Some of the mutations introduced
enerated weaker or, on occasion, more stable struc-
ures. To determine whether the sequence of the loop in
he 39-stem-loop structure is important for replication, a
ubstitution mutant was made in the central two nucle-
tides (STNVC39-13).
When N. benthamiana protoplasts were inoculated
TABLE 2
Thermodynamic Stability of Mutations in STNV-C
RNA Stem-Loop 11
Mutant
Stem-loop H11
maintenance
Stability; DG
(kcal/mol)
Difference in stability
(kcal/mol)
T 1 25.1
TNVC39-7 1 24.5 10.6
TNVC39-8 1 25.3 20.2
TNVC39-9 1 27.1 22.0
TNVC39-10 Alternative 21.5
TNVC39-11 1 25.1 0.0
TNVC39-12 1 23.0 12.1
TNVC39-13 1 25.1 0.0ith either of the three mutants STNVC39-7, -8, or -9 cogether with TNV-D and analyzed 24 h postinoculation,
ccumulation of both positive-strand and negative-strand
NA, as detected by Northern blotting (Fig. 2A, lanes 9,
0, and 11, respectively) and RT-PCR (not shown), respec-
ively, was reduced to barely detectable levels in all three
ases. Thus all three mutations of the AU base pair in the
pper stem were lethal and appear to reflect base-spe-
ific rather than structure-specific requirements. By con-
rast, mutations of the GC base pair in the lower region
f the stem had modest (STNVC39-10 and -11; Fig. 2A,
anes 12 and 13, respectively) or no effect (STNVC39-12;
ig. 2A, lane 14) on RNA accumulation compared with
T STNV-C (Fig. 2A, lane 2). All results were reproduc-
ble in three separate experiments. In mutation STNVC39-
2, the stem of the stem-loop is thermodynamically
eakened compared with WT STNV-C (Table 2) but
aintains its structural integrity, including the upper sec-
ion, and appears to be a suitable template for TNV-D
dRp. In mutation STNVC39-10, the structural integrity of
he upper stem and/or base pairing of residues 5–7 from
he 39-end, and putative folding of the sequence into an
lternative stem-loop (not shown), makes it a poor tem-
late for helper RdRp. The behaviour of mutation
TNVC39-11 is more difficult to explain but might concern
dditional base-specificity and requires further investi-
ation. When N. benthamiana protoplasts were inocu-
ated with the loop mutant STNVC39-13 (AA replaced by
C) together with TNV-D, accumulation of mutant posi-
ive-strand (Fig. 2A, lane 15) and negative-strand (not
hown) RNA was similar to the amounts found after
noculation with WT STNV-C and TNV-D (Fig. 2A, lane 2).
mportance of the 59-terminal stem-loop for STNV-C
NA accumulation
To determine whether sequences and/or the predicted
tem-loop structure (H1) in the STNV-C RNA 59-UTR is
equired for replication, mutants were made that re-
laced (STNVC59-1 and -2) or deleted nucleotides in the
ower stem (STNVC59-6–8) or replaced nucleotides in the
pper stem (STNVC59-3–5). An additional set of mutants
as produced that deleted (STNVC59-9 and -10) or in-
erted nucleotides into the loop (STNVC59-11). Full de-
ails of these mutants are shown in Figs. 1C and 1D. An
nalysis of the ability of these mutants to replicate in N.
enthamiana protoplasts after coinoculation with helper
NV-D indicated that replication was often severely im-
aired when alterations to the 59-UTR were made.
hanges that altered the sequence and thereby the
tability of the 59-terminal stem generally resulted in only
race amounts of the mutant STNV-C positive-strand RNA
eing detected by Northern blot analysis (Fig. 2B, lanes
, 7, and 8) compared with WT STNV-C (Fig. 2B, lane 12).
y contrast, a mutant that removed the 59-terminal G
esidue (STNVC59-6) accumulated to increased levels
ompared with WT STNVC (Fig. 2B, compare lanes 6 and
1
r
s
c
s
s
1
N
i
t
t
o
q
e
t
S
w
i
R
i
o
p
d
O
c
b
u
l
w
(
i
l
R
t
o
P
t
s
q
e
c
t
a
l
4
S
S
t
t
g
N
i
6
d
l
m
p
o
r
s
m
m
s
T
r
v
S
(
r
T
p
e
a
m
i
c
s
3
r
4
c
T
a
m
R
R
d
B
a
T
R
r
s
f
C
c
t
i
c
(
s
l
81STNV-C RNA SYNTHESIS2). Likewise, a mutant that replaced the 59-terminal G
esidue with an A residue (STNVC59-1) accumulated to
ignificant levels compared with WT STNV-C (Fig. 2B,
ompare lanes 1 and 12). In STNVC59-6, the transcript
equence is that of the natural WT according to the
equence of prototype STNV-C RNA (Bringloe et al.,
998). The inclusion of an additional G residue in pST-
VC at the 59-terminus of the virion RNA (for supposed
ncreased T7 promoter activity during transcription) ac-
ually decreases the abundance of viral RNA transcript in
he WT STNV-C compared with STNVC59-6. The insertion
f additional 59-nucleotides directly preceding the se-
uences of plant virus cDNAs, in full-length clones, gen-
rally reduces replication efficiency (Buck, 1996), and
his appears to also be the case for STNV-C. In
TNVC59-1, replacement of the 59-terminal G residue
ith an A residue increases the thermodynamic stability
n the lower stem of the proposed stem-loop structure of
NA transcripts compared with WT STNV-C. Base pair-
ng between nucleotides A1 and U43 achieves this as
pposed to naturally forming a non-Watson-Crick base
air, GU (Fig. 1C). These results demonstrate that resi-
ues 2 and 3 may be essential for STNV-C accumulation.
ther mutations within the stem-loop structure that
aused stabilization (STNV59-3; Fig. 2B, lane 3) or desta-
ilization (STNV59-4 and -5; Fig. 2A, lanes 4 and 5) of the
pper stem caused reductions in STNV-C RNA accumu-
ation but did not abolish accumulation. Mutants that
ere destabilized in the loop by nucleotide deletions
STNVC59-9 and -10; Fig. 2B, lanes 9 and 10) or an
nsertion (STNVC59-11; Fig. 2B, lane 11) behaved simi-
arly. These results indicate that the proposed STNV-C
NA 59-stem-loop structure is not essential for produc-
ive, plus-strand RNA accumulation but is required for
ptimal accumulation.
roductive accumulation is altered after truncation of
he 59-UTR of STNV-C RNA
The substitution analysis in the predicted stem-loop
tructure above suggests that either the primary se-
uence at the base of the stem is essential or the
ssential information may be contained in another 59
is-element. The region encompassing the structure was
herefore subjected to progressive 59-deletion analysis
nd the following STNV-C RNA mutants were made (de-
eted nucleotides given in parentheses): STNVC59-12 (nt
–101), STNVC59-13 (nt 13–101), STNVC59-14 (nt 27–101),
TNVC59-15 (nt 31–101), STNVC59-16 (nt 43–101), and
TNVC59-17 (nt 66–101) (Fig. 1D). Transcripts that con-
ained either the complete WT STNV-C stem-loop struc-
ure or the 59-truncated mutants were coinoculated to-
ether with helper TNV-D in N. benthamiana protoplasts.
orthern blot analysis of total RNA extracted 24 h after
noculation revealed that stepwise 39-deletions of up to
6 residues upstream of the STNV-C 59-terminus pro- suced transcripts that still accumulated to detectable
evels (STNV59-12–17; Fig. 2C, lanes 1–6). Increases in
utant transcript accumulation were generally in direct
roportion to increased lengths of the 59-UTR upstream
f the CP gene compared with WT STNV-C (Fig. 2C). This
esult confirms that the proposed stem-loop is not es-
ential for replication but is required for optimal accu-
ulation and that STNV-C RNA residues 2 and 3 are the
inimal cis-acting sequences required for RNA synthe-
is.
he STNV-C 59- and 39-UTRs can be functionally
eplaced by the equivalent UTRs of the helper
irus TNV-D
Three chimeric mutants (SREP39-T, SREP59-T, and
REP59-39-T) were constructed that replaced the 39-UTR
514 nt), 59-UTR (101 nt) and both UTRs of STNV-C RNA,
espectively, with the equivalent UTRs of the helper
NV-D (39, 2305 nt; 59, 238 nt). N. benthamiana proto-
lasts were inoculated with transcripts derived from
ach of the three chimeras above together with TNV-D
nd analysed 24 h later by Northern blotting. The accu-
ulation of mutant RNA (positive-strand) was detectable
n all three cases (Fig. 2D, lanes 1–3) but was reduced
ompared with WT STNV-C (Fig. 2D, lane 5). These re-
ults show that for transcription at least, both the 59- and
9-UTRs of STNV-C RNA and TNV-D RNA, which share
espectively 47% and 36% sequence homology and 6 and
identical nt at their termini, are functionally inter-
hangeable.
DISCUSSION
The genomic and satellite RNAs of most viruses in the
ombusviridae family, which includes the Carmovirus
nd Necrovirus genera, are capable of forming one or
ore potentially stable stem-loop structures near the
NA 39-terminus. Notably, the genomic and satellite
NAs of TCV (Song and Simon, 1995), genomic and
efective interfering (DI) RNAs of CymRSV (Havelda and
urgyan, 1995), TNV-D, and STNV-C (Bringloe et al., 1998)
ll possess similar stem-loops at their RNA 39-termini.
his suggests that these structures may be common
dRp recognition features in Carmo-like viruses that are
equired for the initiation of negative-strand RNA synthe-
is (Buck, 1996). The 39-terminus of CymRSV RNA can be
olded into three hairpins, and mutational analysis of DI
ymRSV RNA illustrated that none of the three hairpins
ould be deleted without abolishing replication. Muta-
ions that disrupted base pairing of the stems also abol-
shed replication, which could be partially restored with
ompensatory mutations that restored base pairing
Havelda and Burgyan, 1995). Similarly, TCV genomic and
atellite RNAs both contain conserved 39-terminal stem-
oop structures, and although a variety of 39-terminal
tem-loops of differing stability also act as efficient pro-
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82 BRINGLOE, PLEIJ, AND COUTTSoters in vivo (Stupina and Simon, 1997; Carpenter and
imon, 1998), a defined stem-loop and a single-stranded
ail are important for the initiation of negative-strand
ynthesis (Song and Simon, 1995). Recent studies with
ed clover necrotic mottle dianthovirus (RCNMV), another
ember of the Tombusviridae family, suggest a stable
tem structure within a 39-proximal stem-loop of RNA2 is
lso essential for negative-strand RNA synthesis (Turner
nd Buck, 1999).
Our results with STNV-C RNA suggest that the stability
f the defined, 39-terminal stem-loop (Fig. 1B: H11) is
mportant for replication in establishing an efficient pro-
oter in vivo and that other sequences immediately
ownstream but not including the terminal 2CCC resi-
ues are also important. It is likely that H11 contains
core” promoter sequences that are recognised by the
elper TNV-D RdRp. However, the contribution of other
pstream stem-loop structures (e.g., H9 and H10; Fig. 1B)
oncerning recognition of STNV-C RNA by TNV-D RdRp
hould not be discounted. Indeed in two other plant
iruses from two different families (beet necrotic yellow
ein virus, Lauber et al., 1997; alfalfa mosaic virus, van
ossum et al., 1997), it has been shown that interactions
etween terminal and upstream hairpin structures do
nhance negative-strand synthesis. The three, 39-termi-
al 2CCC residues on STNV-C RNA do not appear to be
ssential for accumulation, and less than a full-length,
ingle-strand tail is recognised by the helper RdRp. Sim-
lar results have been reported for TCV satellite RNA
Song and Simon, 1995; Carpenter and Simon, 1996) and
ymRSV RNA (Dalmay et al., 1993). From our analysis of
he sequence of the progeny STNV-C RNA D that accu-
ulated after the replication of STNVC39-1, it appears
hat in the majority of cases, the 39-truncation of three
esidues is repaired in vivo. The 39-terminal sequences
f STNV-C RNA (Bringloe et al., 1998) and TNV-D RNA
Coutts et al., 1991) are both 2ACCC, and it is possible
hat as found with genomic and satellite TCV RNAs, both
f which contain seven identical 39-terminal residues,
rimer-induced synthesis, with the helper virus supplying
he primer, possibly through abortive RNA synthesis, may
epair 39-terminal deletions (Nagy et al., 1997; Burgyan
nd Garcia-Arenal, 1998). However, it is also possible
hat T7 RNA polymerase adds nontemplated nucleotides
hat functionally replace the terminal 2CCC residues
uring transcription of STNVC39-1.
In contrast to promoters directing the synthesis of
egative-strand or subgenomic RNAs, the promoters in-
olved in positive-strand synthesis of most plant RNA
iruses are not well defined. For brome mosaic virus and
lfalfa mosaic virus, respectively, stem-loop structures
ontaining sequences with homology to the internal con-
rol regions of tRNA promoters, are important for RNA
eplication but only when present in the positive-strand
Pogue and Hall, 1992; Van der Vossen et al., 1996). In the
armo-like viruses and Tombusviridae, it is known that mequences in the 59-UTR are important for replication
Buck, 1996). DI RNAs derived from the genomic RNAs of
ymRSV (Havelda et al., 1995), TBSV (Chang et al., 1995),
nd TCV (Zhang and Simon, 1994) retain all or most of the
9-UTR. In a mutational analysis of CymRSV, it was found
hat small deletions were tolerated at some sites but that
equences from most of the 59-UTR were necessary for
eplication (Havelda et al., 1995), and a similar observa-
ion has been reported for RCNMV (Turner and Buck,
999). For STNV-C RNA, by mutation analysis we have
hown that the proposed 59-stem-loop structure has an
mportant quantitative effect on productive RNA accumu-
ation but may not be essential. Further progressive de-
etion analysis revealed that a 59-terminal sequence of
nly 3 nt is both sufficient and essential for basal levels
f RNA accumulation.
No minimal cis-acting sequences were identified in
he mutational analysis of the 39-terminus of STNV-C
NA described earlier, but the in vivo study reported here
llustrates that minimal cis-acting sequences can oper-
te in STNV-C RNA negative-strand synthesis. Interest-
ngly, if the STNV-C RNA sequence is refolded with the
hree 59-terminal residues deleted, a 59-terminal stem-
oop is still predicted, albeit with 3 bp less at the base
not shown). This observation further substantiates the
ssential nature of residues 2 and 3 in STNV-C RNA
eplication. However, the role of these cis-acting se-
uences in potentially directing the helper RdRp to the
orrect initiation sites within the STNV-C RNA 59-UTR to
nitiate negative-strand synthesis requires further inves-
igation. Recent in vitro studies with turnip yellow mosaic
irus (TYMV) RNA have indicated that the minimal pro-
oters for negative-strand RNA synthesis can be as
mall as 2 nt and that TYMV RdRp may have a prefer-
nce for binding structured RNA, favoring initiation sites
djacent to structured RNA (Deiman et al., 1998; Singh
nd Dreher, 1998). Furthermore, it was suggested that
uch specificity might be used rather commonly in the
eplication of positive-strand RNA viruses, including
armo-like viruses (Singh and Dreher, 1998). In this con-
ext, it would be of interest to construct STNV-C RNA
utants with randomized minimal 59-terminal cis-acting
equences to determine whether the helper RdRp had a
pecific preference for the WT sequence.
In the experiments with chimeric mutants, where the
9- and 59-UTRS of STNV-C RNA were exchanged for the
quivalent regions of TNV-D RNA, RNA accumulation
as observed in both single and double exchanges. This
esult suggests that the stem-loop structures at both
nds of the genome of the satellite and the helper are
unctionally interchangeable and that the mechanisms
nderlying positive- and negative-strand synthesis may
e the same for the two viruses. These observations
ave implications for the biological interactions between
TNV-C and TNV-D because it is known that the accu-
ulation of the helper virus is suppressed by the pres-
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83STNV-C RNA SYNTHESISnce of satellite virus (Scholthof et al., 1999). It will now
e possible to investigate whether this phenomenon is
ttributable to the selection by the helper RdRp of a more
ttractive template for amplification in a mixed infection.
MATERIALS AND METHODS
onstruction of mutant STNV-C RNA clones and
ynthesis of transcripts in vitro
All recombinant DNA techniques were as described
y Bringloe et al. (1998) or Sambrook et al. (1989).
estriction enzymes and nucleic acid-modifying en-
ymes were used as recommended by the manufac-
urers. Full-length, infectious clones of STNV-C and
NV-D RNA (pSTNVC and pTNVD, respectively) (Brin-
loe et al., 1998) were used to construct cDNA mu-
ants. The genomic transcripts of STNV-C and TNV-D
ere both designed to start with two G residues, with
he first permitting good T7 promoter activity and the
econd representing the 59-terminal nucleotide of
ach viral RNA. All mutants were generated by reverse
CR-amplification with pairs of oligonucleotide prim-
rs shown in Table 1 and below. PCR-based mutagen-
sis was performed as described previously (Bringloe
t al., 1998) using Taq DNA polymerase (Promega,
adison, WI). The chimeric mutant, pSREP39-T was
onstructed by PCR amplification of pSTNVC with oli-
onucleotides that hybridised to the 39-terminus of the
P gene (nt 686–707) (Bringloe et al., 1998) and the
lasmid sequence adjacent to the STNV-C RNA 39-
equence. The PCR product was ligated to the TNV-D
9-UTR (nt 3457–3762) (Coutts et al., 1991), synthe-
ised from annealed complementary primers through
CR-amplification of a pTNVD template. Another chi-
eric mutant, pSREP59-T, was produced similarly with
ligonucleotides that hybridised to the 59-terminus of
he STNV-C RNA CP gene (nt 102–119) (Bringloe et al.,
998) and the T7 promoter sequence adjacent to the
TNV-C RNA 59-sequence. The PCR product was li-
ated to the complete TNV-D RNA 59-UTR (nt 1–38)
Coutts et al., 1991), synthesised from annealed com-
lementary primers by PCR-amplification of a pTNVD
emplate. To create pSREP59-39-T, Kpn1 restriction
ragments from pSREP59-T (3.2 kbp) and pSREP39-T
600 bp) were ligated and transformed into Escherichia
oli DH5a. All mutant plasmid clones were subjected
o restriction and sequence analysis to confirm that
ny alterations had been introduced correctly. Plas-
ids (;10 mg) were linearised with BamH1–Xho1 or
ind111–Xho1, and transcripts were synthesised using
7 RNA polymerase (Promega, Madison, WI). PCR
roducts (;5 mg) were purified by phenol–chloroform
xtraction and used directly for transcription. All tran-
cripts (which are referred to by the name of the
orresponding plasmid without the prefix “p”) were Created with DNase 1, extracted, and resuspended in
Nase-free water.
rotoplast isolation, inoculation, processing, and
orthern analysis
N. benthamiana protoplasts were isolated from leaves
f 4- to 6-week-old plants as described previously (Brin-
loe et al., 1998) with some minor modifications (Turner
nd Buck, 1999). Aliquots of protoplasts (106 protoplasts/
l) were inoculated with RNA (5 mg each of transcripts of
NV-D RNA and WT STNV-C RNA or mutant STNV-C
NA) as described previously (Bringloe et al., 1998;
urner and Buck, 1999) and incubated under continuous
ow light for 24 h. After incubation, protoplasts were
arvested and stored at 270°C, total RNA extracts were
repared according to Dean et al. (1985), and the RNA
as dissolved in diethylpyrocarbonate-treated water.
NA samples were denatured with formamide and form-
ldehyde, separated by electrophoresis through denatur-
ng formaldehyde–agarose gels (Bringloe et al., 1998),
nd blotted onto Hybond-N membrane (Nycomed Amer-
ham). Blots were hybridised with riboprobes prepared
y in vitro transcription using T7 RNA polymerase and
a-32P]UTP (Nycomed Amersham) of clones derived from
STNVC in pUBS (Bringloe et al., 1998). Blots were
ashed according to the manufacturer’s instructions un-
er conditions of high stringency at 68–70°C to reduce
ackground. All experiments were repeated at least
hree times to ensure reproducibility of results, and in-
culation efficiency of every batch of protoplasts was
easured by inclusion of the WT STNV-C RNA controls.
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